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Ternary boron-rich phases AlMgB14 and AlMgB22 grown from
a molten AlMgB mixture and properties of the crystals
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Abstract: Crystals of ternary boron-rich phases AlMgB14 and AlMgB22 were grown from high-temperature Al
MgB ternary system solutions in an Ar atmosphere at 1673 K for 5 h. The optimum conditions for growing
AlMgB22 and AlMgB14 were established using the starting mixtures of B/Mg＝0.51.0 and B/Mg＝2.06.0,
respectively. The AlMgB14 and AlMgB22 crystals obtained have well-developed {001} and {100} faces, and were
black color with a metallic luster. The maximum dimensions of AlMgB14 and AlMgB22 crystals were approxi-
mately 5.2 mm and 4.6 mm, respectively. The values of Vickers microhardness of AlMgB14 and AlMgB22 crystals
are in the ranges of 23.9±0.6 to 27.6±0.6 GPa. The oxidation process of AlMgB14 and AlMgB22 crystals were
studied below 1473 K by TGDTA method. The susceptibility of AlMgB14 does not show any particular features,
with an increase at low temperatures indicative of a paramagnetic contribution, which is likely due to impurities.
The susceptibility of the AlMgB22 sample shows no apparent contribution from impurities and also does not
have any anomalous behavior.
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1. Introduction
In the ternary AlMgB system, two types of ternary
structures, namely AlMgB14 (NaBB14-type) (orthorhom-
bic, space group Imam) and AlMgB22 (gAlB12type) (or-
thorhombic, space group P212121) have been reported so
far [1, 2]. Boron-rich compounds consisting of B12 icosa-
hedra are of great interest of their remarkable physical and
chemical properties, which in many cases are of potential
interest for applications to thermoelectrics and photo-
detectors [3, 4]. However, there is very little information
about the physicochemical and mechanical properties of
AlMgB14 and AlMgB22. Crystals of aluminum magnesium
borides are obtained by adding relatively large amount of
Mg metal [3]. But, owing to the high vapour pressure of
Mg at high temperature, optimum conditions for growing
AlMgB14 and AlMgB22 crystals are not established.
The structure of the boron framework of AlMgB14 is
made up of four B12 icosahedra and eight isolated boron
atoms per unit-cell (Fig. 1). Its structure is isotopic with
NaBB14-type (NaB15) [5, 6] and AlLiB14 [7], the metal at-
oms being distributed both in sitesI (4e positions), which
are occupied by sodium in NaxB15 phases and also in the
smaller sitesII (1/4, 1/4, 1/4) which are empty in the case
of sodium higher boride. Since aluminum atoms (rAl＝
0.143 nm) and magnesium atoms (rMg＝0.160 nm) are far
smaller than sodium atoms (rNa＝0.190 nm), there is a
contraction of the unit-cell parameter in going from
NaBB14 (a＝0.5847 nm, b＝0.8415 nm, c＝1.0298 nm, V
＝0.5067 nm3) [6] to AlMgB14 (a＝0.5848 nm, b＝0.8112
nm, c＝1.0312 nm, V＝0.4892 nm3) [2]. Naslain et al. [6]
and Higashi et al. [8] describe the mode of combination of
these units in detail. The aluminum and magnesium atoms
are accommodated in the large holes outside the icosa-
hedra (Fig. 1). The occupancies of the metals are 75 and
78 for the Al and the Mg sites respectively, and the Mg
site is split into two positions separated by 0.039 nm [8].
On the other hand, the structural analysis of AlMgB22 (a
＝1.6633 nm, b＝1.7547 nm, c＝1.0187 nm, V＝2.9731
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Fig. 1 The crystal structure of AlMgB14 [8].
Table 1 Growth conditions of AlMgB14 and AlMgB22 crystals obtained using magnesium metal and amorphous boron powders as the
starting materials in an Al solution.
Composition of the starting material
Run no.
(atomic ratio)
Mg B
Soaking temp.
(K)
Soaking time
(h) Phases identiˆed
1 1 0.5 1673 5 AlMgB22, aAlB12, AlB2, AlMgB14
2 1 1.0 1673 5 AlMgB22, aAlB12, AlB2, AlMgB14
3 1 2.0 1673 5 AlMgB14, AlB2, AlMgB22, aAlB12
4 1 4.0 1673 5 AlMgB14, AlB2, aAlB12, AlMgB22
5 1 5.0 1673 5 AlMgB14, AlB2, aAlB12, AlMgB22
6 1 6.0 1673 5 AlMgB14, aAlB12, AlB2, AlMgB22
7 1 8.0 1673 5 aAlB12, AlB2, AlMgB14, AlMgB22
8 1 10.0 1673 5 aAlB12, AlB2, AlMgB14, AlMgB22
Al metal was added to each mixture at a mass ratio of 115.
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nm3) revealed that the crystal has the same boron frame-
work as gAlB12 [9, 10]. The Al and Mg atoms were dis-
tributed statistically over the eleven Al sites in the gAlB12
type structure. Higashi [10] assume that the Al (4), Al (5)
and Al (9) sites with relatively larger hole sizes than the
rest (Al (13, 68, 10, 11)) were occupied by Mg atoms
with a larger atomic size than Al. The occupational reˆne-
ment based on that assumption led to the chemical Al1.20
Mg0.47B22, which is compatible with Al1.40Mg0.45B22 ob-
tained by chemical analysis.
In the present paper, we report the optimum experimen-
tal conditions for growing relatively large crystals of
AlMgB14 and AlMgB22 from Mg metal and amorphous bo-
ron powders as the starting materials using an Al self-‰ux
under an argon atmosphere. The size, morphology crystal-
lographic data of the crystals were determined. Oxidation
resistance in air up to 1473 K, Vickers microhardness, and
magnetic susceptibility measurements at low temperatures
of these compounds were studied.
2. Experimental details
The raw materials used were magnesium metal pieces
(purity 99), amorphous boron (purity 99.9) and alu-
minum metal chips (purity 99.99). Mg and B were
weighed at nominal composition of atomic ratios B/Mg＝
0.510.0 (Table 1), and Al metal was added to each mix-
ture at a mass ratio of 115. The mixture was placed in a
high dense Al2O3 crucible and heated in an argon at-
mosphere. The temperature of the furnace was raised to
1673 K, kept for 5 h and then cooled to room temperature
at a rate of about 50 K･h－1. The crystals were removed
from the solidiˆed melt by dissolving the matrix in dilute
hydrochloric acid.
The crystal structures and unit-cell parameters of the
phases were examined by the powder X-ray diŠraction
(XRD) with monochromatic CuKa radiation and the
Guinier-H äagg focusing X-ray powder diŠraction camera
(XDC1000) with strictly monochromatic CuKa1 radia-
tion. AlMgB14 and AlMgB22 crystals were selected under a
stereomicroscope for the measurements of Vickers micro-
hardness, oxidation resistance and magnetic susceptibility.
The impurities content of the crystals were examined by a
scanning electron microscope (SEM) equipped with an
energy-dispersive detector (EDX).
The microhardness of the samples was measured at
room temperature using a Vickers diamond pyramid as an
indentor [11]. A load of 2.94 N was applied for 15 s and
seven impressions were recorded for each sample. The ob-
tained values were averaged and the experimental error
was estimated. Thermogravimetric and diŠerential ther-
mal analyses (TGDTA) were performed between room
temperature and 1473 K to study the oxidation resistance
of the samples in air. Pulverized samples of about 25 mg
were heated at a rate of 10 K･min－1. The oxidation
products were analyzed by XRD. Magnetic susceptibility
of AlMgB14 and AlMgB22 was measured by using a com-
mercial superconducting quantum interference device
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Fig. 2 Powder XRD patterns of AlMgB14 and AlMgB22 crystals.
Fig. 3 SEM micrographs of AlMgB14 crystal (A) (Run no. 4) and AlMgB22 crystal (B) (Run no. 2).
Table 2 Unitcell parameters of AlMgB14 and AlMgB22 crystals.
Formula
unit
Space
group
Unitcell parameter (nm)
V (nm3) Ref.
a b c
AlMgB14 Imam 0.58450(2) 0.81137(7) 1.03298(4) 0.4899(1) This work
AlMgB14 Imam 0.5848(1) 0.8112(1) 1.0312(1) 0.4892(1) [2]
AlMgB22 P212121 1.66243(8) 1.75537(8) 1.01639(4) 2.9660(1) This work
AlMgB22 P212121 1.6633(3) 1.7547(4) 1.0187(2) 2.9731(2) [1]
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(SQUID) magnetometer in the temperature range of 2 K to
300 K.
3. Results and discussion
3.1. Crystal growth of AlMgB14 and AlMgB22
The results of the phase analysis are listed in Table 1. As
seen from Table 1, four types of structures, namely AlB2,
aAlB12, AlMgB14 and AlMgB22 were identiˆed, while
crystals of gAlB12 and MgB2 were not detected by XRD.
Variation of the atomic ratio of the starting materials gave
diŠerent products. The optimum conditions for growing
AlMgB22 and AlMgB14 were established using the starting
mixtures of B/Mg＝0.51.0 (Run no. 1 and 2) and B/Mg
＝2.06.0 (Run no. 36). Fig. 2 shows the XRD patterns
of AlMgB14 and AlMgB22 crystals. The AlMgB14 and
AlMgB22 crystals obtained have well-developed {001} and
{100} faces, and were black color with a metallic luster
(Fig. 3). The maximum dimensions of AlMgB14 and
AlMgB22 crystals were approximately 5.2 mm and 4.6
mm, respectively. The basic crystal data of AlMgB14 and
AlMgB22 crystals are listed in Table 2. The unit-cell
parameters of these compounds are in relatively good
agreement with data published previously [1, 2]. Although
the impurity content of the AlMgB14 and AlMgB22 crystals
was not analyzed chemically, the EDX established the oc-
currence of traces of calcium and iron elements.
3.2. Properties
The values of Vickers microhardness of AlMgB14 and
AlMgB22 crystals are listed in Table 3. The values of
AlMgB14 are in the ranges of 23.9±0.6, 25.5±0.5 and
27.6±0.6 GPa for {100}, {010} and {001} faces, respec-
tively. The values measured on {010} faces of the crystals
are in comparatively good agreement with the values of
these faces for AlMgB14 in the literature [2]. However, the
value measured on the {001} face of AlMgB14 is in the
range of 27.6±0.6 GPa, which is relatively higher than
that observed on the {100} and {010} faces. This
anisotropic nature of hardness seems to be related to the
diŠerence in the number of B12 icosahedra units and BB
bonds for linkage of boron atoms in the structures. On the
other hand, the value of AlMgB22 is in the range of 25.4±

Table 3 Vickers microhardness of AlMgB14 and AlMgB22 crys-
tals.
Compound indentationplane Hardness (GPa) Ref.
AlMgB14 {001} 27.6±0.6 This work
{010} 25.5±0.5 This work
{100} 23.9±0.6 This work
{001} 27.7±0.5 [2]
AlMgB22 {100} 25.4±0.5 This work
Table 4 Results of the TGDTA measurements for AlMgB14
and AlMgB22 crystals.
Compounds
Oxidation
start
(K)
Exothermic
maximum
(K)
Weight
gain
(mass)
Oxidation
products
AlMgB14 920 1327, 1419 16.9 B2O3, Al4B2O9
AlMgB22 930 1421 9.6 ―
Fig. 4 TGDTA curves for AlMgB14 and AlMgB22 heated in air.
Fig. 5 Temperature dependence of the magnetic susceptibility
of AlMgB14 and AlMgB22 crystals.
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0.5 GPa for {100} face.
The oxidation process of AlMgB14 and AlMgB22 crystals
were studied below 1473 K by TGDTA method, as shown
in Fig. 4. The oxidation of AlMgB14 and AlMgB22 crystals
began to proceed at approximately 920 and 930 K, respec-
tively. The weight gain of the compounds after heating in
air up to 1473 K is 16.9 and 9.6, respectively. AlMgB22
show relatively high oxidation resistance. The ˆnal oxida-
tion products of AlMgB14 include B2O3 and Al4B2O9, and
so the exothermic peaks are attributed to oxidation
products. However, oxidation product of AlMgB22 crystal
was not detected from XRD, probably due to insu‹cient
amounts of this oxidation product. The results of TG
DTA are listed in Table 4.
Recently, interesting magnetic behavior has been ob-
served in B12 icosahedra compounds like REB50 (RE＝rare
earth) [12] and TbB25 [13]. It was indicated that the mag-
netic interaction is mediated by the B12 icosahedra [12],
which is a completely new phenomena in boride com-
pounds. Although there are no atoms with large magnetic
spin among the AlMgB14 and AlMgB22 [14] compounds, it
is important to characterize the magnetic properties of
these new B12 compounds, of which AlMgB14 has a struc-
ture similar to TbB25 [13], since the magnetic properties
have been completely unknown to date. The temperature
dependence of the magnetic susceptibility of AlMgB14 and
AlMgB22 compounds was measured down to 2 K and is
shown in Fig. 5. The susceptibility of AlMgB14 does not
show any particular features, with an increase at low tem-
peratures indicative of a paramagnetic contribution,
which is likely due to impurities. The susceptibility of the
AlMgB22 sample shows no apparent contribution from im-
purities and also does not have any anomalous behavior.
4. Conclusion
The single crystals of the ternary borides AlMgB14 and
AlMgB22 have been grown from high-temperature AlMg
B ternary system solutions using Mg metal and amorphous
B powders as starting materials under an Ar atmosphere at
1673 K for 5 h. The growth conditions for large crystals of
AlMgB14 and AlMgB22 were established. The AlMgB14 and
AlMgB22 crystals obtained have well-developed {001} and
{100} faces, and were black color with a metallic luster.
The results of measurements of the unit-cell parameters
determined are as follows: for AlMgB14, a＝0.58450(2)
nm, b＝0.81137(7) nm, c＝1.03298(4) nm, V＝0.4899(1)
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nm3; for AlMgB22, a＝1.66243(8) nm, b＝1.75537(8) nm,
c＝1.01639(4) nm, V＝2.9660(1) nm3. The values of Vick-
ers microhardness of the AlMgB14 and AlMgB22 crystals
are in the ranges of 23.9±0.6 to 27.6±0.6 GPa. The TG
curves show that the oxidation of AlMgB14 and AlMgB22
crystals start at approximately 920 and 930 K, respective-
ly. The results of magnetic susceptibility measurements at
low temperatures of the compounds are discussed.
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